Eukaryotic cells dynamically reorganize the actin cytoskeleton to regulate various cellular activities, such as cell shape change, cell motility, cytokinesis, and vesicular transport. Diaphanous-related formins (DRFs), such as Daam1 and mDia1, play central roles in actin dynamics through assembling linear actin filaments. It has been reported that the GTP-bound active Rho binds directly to DRFs and partially unleashes the intramolecular autoinhibition of DRFs. However, whether proteins other than Rho involve the regulation of the actin assembly activity of DRFs has been unclear. Here, we show that Flightless-I (Fli-I), a gelsolin family protein essential for early development, binds directly to Daam1 and mDia1. Fli-I enhances the intrinsic actin assembly activity of Daam1 and mDia1 in vitro and is required for Daam1-induced actin assembly in living cells. Furthermore, Fli-I promotes the GTP-bound active Rhomediated relief of the autoinhibition of Daam1 and mDia1. Thus, Fli-I is a novel positive regulator of Rho-induced linear actin assembly mediated by DRFs.
plate. The cDNAs encoding Fli-I fragments (LRR, aa 1-460; G1-3, aa 461-869; G4 -6, aa 869 -1269; and G1-6, aa 461-1269) (Fig. 2C) were obtained by PCR using full-length Fli-I as a template. For knockdown studies, two different siRNAs against mouse Fli-I (#159473 and #76439, designated as #1 and #2, respectively) and control siRNA were provided by Ambion. Full-length Fli-I, which is insensitive to siRNA against mouse Fli-I, was produced by PCR using human Fli-I as a template. Nucleotide substitutions that do not change the amino acid sequence were introduced at the #1 and #2 siRNA target sites, respectively. The cDNAs encoding human cytosolic gelsolin (Gsn) fragments (G1-3, aa 1-357; G4 -6, aa 358 -730) were obtained by PCR using Marathon-Ready human bone marrow cDNA (Clontech) as a template. All the sequences of the PCR products were confirmed by DNA sequencing. For expression in mammalian cells, Daam1 CT fragments were subcloned into pEGFP-C1 (Clontech). For generation of glutathione S-transferase (GST)-fused proteins, gene fragments were subcloned into pGEX-2T (GE Healthcare). For generation of His 6 -tagged proteins, Daam1 NT, Daam1 CT, mDia1 NT, and mDia1 CT were subcloned into pDEST17 (Invitrogen), and Fli-I and Gsn fragments were subcloned into pRSET1A (Invitrogen).
Recombinant proteins of Daam1 CT and mDia1 CT were expressed in Escherichia coli strain Rosetta (DE3) (Novagen), and the other proteins were expressed in E. coli strain BL21 (DE3) (Novagen). The proteins were purified with glutathione-Sepharose (GE Healthcare) for GST-fused proteins or with Ni 2ϩ -nitrilotriacetic acid-agarose (Qiagen) for His 6 -tagged proteins according to the manufacturers' instructions. His 6 -Fli-I was further purified by Mono S cation exchange column (GE Healthcare) chromatography equilibrated with buffer A (50 mM Hepes/KOH (pH 7.4), 78 mM KCl, 4 mM MgCl 2 , 2 mM EGTA, 0.2 mM CaCl 2 , and 1 mM dithiothreitol). The preparation of GppNHp (a nonhydrolyzable GTP analog)-or GDPbound form of RhoA was described previously (16) . Purified proteins were dialyzed against buffer A, stored at 4°C, and used within 14 days after dialysis. The protein concentrations were determined by the Bradford method (Bio-Rad) or from the intensity of protein bands of Coomassie Brilliant Blue-stained SDS-polyacrylamide gel using bovine serum albumin as a standard. Reagents used in this study were purchased from Sigma unless otherwise specified.
Anti-Fli-I rabbit polyclonal antibody used for immunodepletion was obtained by immunizing a rabbit with Fli-I G1-6. Anti-Fli-I (116.40) mouse monoclonal antibody (mAb) used for immunoblotting was purchased from Santa Cruz Biotechnology. Anti-actin (Ab-5), anti-His 6 (HIS-1), anti-GFP (7.1 and 13.1), and anti-tubulin (DM-14) mouse mAbs used for immunoblotting were from BD Transduction Laboratories, Sigma, Roche Applied Science, and Seikagaku Corp., respectively. Anti-hemagglutinin (3F10) rat mAb used for immunoblotting was from Roche Applied Science. Horseradish peroxidaselinked anti-rabbit IgG donkey polyclonal antibody (GE Healthcare) and anti-mouse IgG sheep polyclonal antibody (GE Healthcare) were used as secondary antibodies in the immunoblot analysis visualized by enhanced chemiluminescence method (GE Healthcare). Alexa-546-conjugated phalloidin used for fluorescence microscopy was from Invitrogen.
Affinity Chromatography of Platelet Cytosol Using Daam1
CT-A platelet pellet (10 g) was sonicated in buffer A containing protease inhibitor mixture (Sigma). After extensive dialysis against buffer A, the solution was ultracentrifuged at 100,000 ϫ g for 1 h. The supernatant was filtrated twice with a 0.45-m disc filter (Millipore) and used as platelet cytosol. Glutathione-Sepharose coated with 200 g of GST-Daam1 CT WT or L1040A was incubated with 20 ml of platelet cytosol (4 mg of proteins/ml) for 2 h at 4°C and washed five times with buffer A. Bead-associated proteins were eluted with Laemmli SDS sample buffer (17) and were analyzed by SDS-PAGE. Protein bands were excised from the Coomassie Brilliant Blue-stained gel and analyzed by MALDI-TOF mass spectrometry as described previously (11, 18) .
Actin Assembly Assays-The pyrene-actin assembly assay was performed as described previously (7) . In brief, purified and gel-filtrated actin (5% pyrene-labeled, 2 M) was assembled in the presence of the indicated proteins, and the fluorescence intensity was monitored. The cytoplasmic actin assembly assay was also described previously (11) . Briefly, glutathione-Sepharose coated with GST fusion protein was incubated at 37°C for 10 min with platelet cytosol and ATP in the absence or presence of purified Fli-I. The beads were washed and fixed with 4% formaldehyde at 4°C for 5 min, and the assembled actin on the beads was stained with rhodamine-phalloidin (Invitrogen). The fluorescence intensity of the beads was measured using an Arvo SX 1420 multilabel counter (PerkinElmer Life Sciences).
In Vitro Binding Assay-Glutathione beads coated with GST fusion protein were incubated with His 6 -tagged protein(s) in buffer A containing 4% bovine serum albumin for 2 h at 4°C. Beads were washed five times with buffer A, and bead-associated proteins were analyzed by immunoblot using anti-His 6 antibody.
Immunodepletion of Fli-I from the Platelet Cytosol-Protein A-agarose (Roche Applied Science) beads were incubated at 4°C for 1 h with anti-Fli-I rabbit antiserum or preimmune serum and washed three times with phosphate-buffered saline. The beads were then incubated with 500 l of platelet cytosol at 4°C for 2 h and removed by centrifugation. The supernatant was incubated twice with antibody-bound beads. The resultant Fli-I-depleted cytosol and preimmune IgG-treated cytosol were examined by immunoblot analysis using anti-Fli-I mouse mAb and used for the cytoplasmic actin assembly assay.
Cell Culture and Staining-NIH 3T3 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. For observation of Daam1 CT-induced stress fibers, cells were seeded at the density of 3.0 ϫ 10 4 cells/ml on the coverslips. After 2 days, cells were transfected with pEGFP-C1 Daam1 CT WT, pEGFP-C1 Daam1 CT L1040A, or pEGFP vectors using Lipofectamine LTX (Invitrogen) with Plus reagent (Invitrogen) according to the manufacturer's instruction. Cells were cultured for 20 h in the low serum medium containing 0.5% fetal calf serum. The cells were then fixed with 1% formaldehyde in phosphatebuffered saline for 10 min, permeabilized with phosphate-buffered saline containing 0.2% Triton X-100 for 5 min, and stained with Alexa-568-conjugated phalloidin in phosphate-buffered saline containing 0.2% bovine serum albumin. Alternatively, cells were lysed with Laemmli SDS sample buffer (17) and analyzed by SDS-PAGE followed by immunoblotting. For knockdown studies, cells were transfected with siRNA using Lipofectamine RNAiMAX (Invitrogen) according to the forward transfection method of the manufacturer's instructions for 28 h, and then cells were transfected with pEGFP-C1 Daam1 CT. Cells were cultured in 0.5% fetal calf serum medium for 20 h and were processed for the fluorescence microscopy analysis and the immunoblotting analysis.
RESULTS

DAD Segment Reinforces the Actin Assembly Activity of the FH1-FH2 Domains of Daam1 in the Cytoplasmic Actin Assem-
bly Assay-We previously established an in vitro cytoplasmic actin assembly assay to evaluate the actin assembly activity of FH1-FH2 domains of DRF in a cytoplasmic environment (11) . Briefly, beads coated with recombinant carboxyl-terminal protein fragments of Daam1 (Daam1 CT) ( Fig. 1B) , which harbors FH1-FH2 domains and the DAD segment, are incubated with crude cytosol as a source of monomeric actin, and the assembled actin filaments on beads are quantified by rhodaminephalloidin staining.
Using this assay, we attempted to characterize the contribution of DAD segment to the actin assembly activity of FH1-FH2 domains. The DAD segment contains several residues conserved among DRFs (Fig. 1A) . We introduced a single amino acid substitution to Leu-1040 or Phe-1046 of Daam1 CT and examined the actin assembly activity of these mutants in the cytoplasmic actin assembly assay (Fig. 1C) . The L1040A mutation diminished the actin assembly activity, whereas another mutant F1046A exhibited an actin assembly activity comparable with wild type.
Because the actin assembly in the cytoplasmic actin assembly assay requires the nucleation activity of formin CT protein (11), we tested the actin nucleation activity of Daam1 CT L1040A protein in the pyrene-actin assembly assay. Interestingly, the actin nucleation activity of Daam1 CT L1040A is indistinguishable from that of Daam1 CT WT or F1046A ( Fig. 1D ). Therefore, Daam1 L1040A mutant cannot assemble the actin filaments efficiently in the cytoplasmic environment, although it has the actin nucleation activity similar to that of the WT protein in the purified actin. These results suggest that some kind of cytosolic factor(s) may bind to Daam1 through the conserved leucine residue in the DAD segments and may assist Daam1 to assemble the actin filaments in the cytoplasmic environment.
Fli-I Interacts with the DAD Segment in the Carboxyl-terminal Region of Daam1-To identify this factor, we performed affinity chromatography with platelet cytosol using Daam1 CT WT and Daam1 CT L1040A as baits. GST-Daam1 CT WT-and GST-Daam1 CT L1040A-coated beads were incubated with platelet cytosol, and the bound proteins were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue staining. By comparison of Daam1 CT WT-bound and Daam1 CT L1040Abound proteins, a 145-kDa protein was specifically identified as a Daam1 CT WT-binding protein ( Fig. 2A ). MALDI-TOF MS analysis revealed that this protein was human Flightless-I homolog (Fli-I). This identification was confirmed by immunoblotting analysis with anti-Fli-I mAb. Fli-I was detected clearly in the eluate of Daam1 CT WT but faintly in the eluate of Daam1 CT L1040A (Fig. 2B ). Fli-I is a conserved member of the gelsolin family. Fli-I was originally identified in Drosophila as a gene located in the locus that causes the degeneration of indirect flight muscle, which results in the "flightless" phenotype (19, 20) . Fli-I-deficient nematode, fruit fly, and mouse exhibit the lethal phenotype in the very early embryonic development (21-23), which indicates that MAY 21, 2010 • VOLUME 285 • NUMBER 21
Fli-I Assists Actin Assembly by Formins
JOURNAL OF BIOLOGICAL CHEMISTRY 16233
Fli-I plays an essential role in the early developmental processes of metazoans.
Next, we attempted to determine the Daam1-binding region of Fli-I. Fli-I has 16 leucine-rich repeats at the amino terminus and 6 gelsolin motifs at the carboxyl terminus ( Fig. 2C ). We generated and purified several recombinant proteins corresponding to Fli-I fragments ( Fig. 2C ) and determined whether these fragments can bind to Daam1 CT in vitro. Fli-I G4 -6 specifically interacted with Daam1 CT, whereas Fli-I LRR or Fli-I G1-3 did not bind to Daam1 CT (Fig. 2D ). Because Fli-I belongs to the gelsolin family and the G4 -6 region of Fli-I has 41% homology (18% identity) with the corresponding G4 -6 region of Gsn (Fig. 2C ), we evaluated whether Gsn can interact with Daam1. Neither Gsn G1-3 nor Gsn G4 -6 bound to Daam1 CT (Fig. 2D ). Furthermore, Daam1 CT L1040A mutant exhibited lower affinity for Fli-I G4 -6 compared with the wild type proteins ( Fig. 2E ). These data indicate that Fli-I directly binds to the DAD segment of Daam1 through its G4 -6 region.
Binding of Fli-I to the DAD Segment Enhances the Actin Assembly Activity of the FH1-FH2 Domains in Vitro-To evaluate whether Fli-I regulates the actin assembly activity of DRF, we first prepared cytosol from which Fli-I was completely immunodepleted (Fig. 3A) . Then we examined the Daam1 CT-induced actin assembly in the Fli-I-depleted cytosol. Daam1 CT lost half of the actin assembly activity in the Fli-I-depleted cytosol compared with that of the control IgG-treated cytosol (Fig.  3C ). The addition of recombinant Fli-I (Fig. 3B ) restored the Daam1 CTinduced actin assembly in Fli-I-depleted cytosol (Fig. 3C) . These results indicate that Fli-I enhances the Daam1 CT-induced actin assembly.
Fli-I Is Required for the Daam1 CT-induced Actin Assembly in Living Cells-Next, we evaluated whether Fli-I is involved in the formin-induced actin assembly in living cells. It has been reported that the exogenous expression of Daam1 CT induces a stress fiber formation in HeLa cells (24) . The overexpression of GFP-tagged Daam1 CT WT induced the formation of stress fiberlike filaments in serum-starved NIH 3T3 cells, whereas GFP alone did not (Fig. 4, A and B) . In GFP-Daam1 CT L1040A-expressing cells, such stress fiber formation was scarcely induced compared with Daam1 CT WT (Fig.  4, A and B) , which suggests that the Fli-I binding is required for Daam1 CT to exert its actin assembly activity in cells.
We further examined the significance of Fli-I using a gene knock-down technique. Transfection of two different siRNAs against Fli-I (#1 and #2) almost completely reduced the Fli-I expression level in NIH 3T3 cells (Fig. 5A ). Daam1 CT-induced stress fiber formation was significantly reduced in the Fli-I siRNA #1-and #2-treated cells but not in the control siRNA-treated cells (Fig. 5B ). Co-expression of siRNA-insensitive human Fli-I with Daam1 CT restored the stress fiber formation in the Fli-I knocked down cells (Fig. 5, A and B) . The co-expression of Fli-I and GFP alone did not induce the actin stress fiber formation in the NIH 3T3 cells (supplemental Fig. 2) . These results demonstrate that Fli-I is essential for Daam1 FH1-FH2 domains to assemble actin filaments in living cells.
Fli-I Facilitates the Rho-induced Activation of Daam1-Although the activation of DRF is mediated by the binding of GTP-bound active Rho to the GBD domain, GTP-RhoA binding alone is insufficient for the full recovery of the actin assembly activity of DRF CT in the presence of DRF NT in vitro (12, 15) . Therefore, some additional factor(s) other than GTP-Rho is (are) supposed to be required for full DRF activation (1, 2, 12, 15, 25) . It has been proposed that the activation of DRF is specifically mediated by the dissociation of the DID domain from the DAD segment. Because Fli-I binds to DRF through the DAD segment, it is conceivable that Fli-I is involved in the relief of DID-DAD autoinhibitory interaction by Rho GTPase.
To evaluate this possibility, we first examined whether Fli-I competes with the DID domain in the DAD segment binding. Daam1 NT containing the DID domain inhibited the binding of Fli-I to Daam1 DAD in a concentration-dependent manner (Fig. 6A) . These results indicate that Fli-I and the DID domain cannot bind to the DAD segment simultaneously.
Although RhoA G14V, a GTP-bound state-locked mutant, alone could dissociate Daam1 NT from Daam1 DAD, the full disruption of the DID-DAD interaction required high concentrations (2.5 M) of RhoA G14V in vitro (Fig. 6B ). In the presence of RhoA G14V at low concentrations (0.1 and 0.5 M), we detected only slight disruption of DID-DAD interaction (Fig.   6B ). However, the addition of Fli-I concentration-dependently promoted the dissociation of Daam1 NT from Daam1 DAD in the presence of 0.1 M RhoA G14V (Fig. 6C ). Because Fli-I alone hardly displaced Daam1 NT from Daam1 DAD segment (Fig. 6C) , the stimulatory effect of Fli-I on the DID-DAD dissociation is dependent on the presence of GTP-Rho.
Next, we evaluated whether Fli-I actually facilitates GTP-Rho-mediated actin assembly by DRFs. In the pyrene-actin assembly assay, Daam1 CT nucleated actin assembly (Fig. 6D ). This activity was almost totally inhibited by the addition of Daam1 NT, and the inhibition was partially relieved by the addition of GTP-RhoA, as shown previously (12, 15) . The addition of Fli-I G4 -6 together with RhoA G14V resulted in increased liberation of the actin assembly activity of Daam1 CT suppressed by Daam1 NT (Fig. 6D) , whereas Fli-I G4 -6 alone had no actin assembly activity. Thus, Fli-I serves as a stimulatory factor of Rho-mediated activation of DRFs.
Fli-I Is a Common Positive Regulator for Daam1 and mDia1-Finally, we evaluated whether the regulatory mechanism of Daam1 by Fli-I is conserved in other DRFs. mDia1 is closely related to Daam1 and has a domain structure similar to that of Daam1 (Fig. 1B) . We generated a carboxyl-terminal fragment protein of mDia1 (mDia1 CT) harboring L1197A mutation, which corresponds to L1040A mutation in Daam1, and we eval- uated its actin assembly activity in the cytoplasmic actin assembly assay. mDia1 L1197A exhibited reduced actin assembly activity compared with mDia1 CT WT or F1203A, which corresponds to F1046A in Daam1 (Fig. 7A) . The actin nucleation activity of mDia1 CT L1197A was comparable with mDia1 CT WT or F1203A in the pyrene-actin assembly assay (supplemental Fig. 1A ). mDia1 CT interacted directly with Fli-I G4 -6 region (Fig. 7B ) dependent on the Leu-1197 residue (supplemental Fig. 1B) . The immunodepletion of Fli-I from the cytosol reduced the actin assembly activity of mDia1 CT in the cytoplasmic actin assembly assay, and the activity was rescued by the addition of recombinant Fli-I (Fig. 7C) . As observed for Daam1, mDia1 NT competes with Fli-I on the binding to mDia1 DAD (supplemental Fig. 1C ). Although a relatively higher concentration of RhoA G14V (0.5 M) was required for the disruption of the DID-DAD interaction of mDia1 in the absence of Fli-I (Fig. 7D) , a lower concentration of RhoA G14V (0.1 M) induced the DID-DAD dissociation in the presence of Fli-I (Fig. 7E) . Finally, the addition of Fli-I G4 -6 enhanced the Rho-mediated activation of the actin nucleation activity of mDia1 CT in the presence of mDia1 NT in the pyrene-actin assembly assay (Fig. 7F) . These results suggest that Fli-I binds to mDia1 through the G4 -6 region and that Fli-I assists GTP-Rho to release the actin assembly activity of mDia1 by disrupting the autoinhibitory interaction of mDia1. Thus, Fli-I is a common regulator of two DRF members, Daam1 and mDia1.
DISCUSSION
Here, we identified Fli-I as a DRF (Daam1 or mDia1)-binding protein.
We then demonstrated that Fli-I has dual functions on the DRF-mediated actin assembly as follows: 1) to assist GTP-Rho to activate DRFs by disrupting the inhibitory interaction between DID and DAD, and 2) to elevate the actin assembly activity of DRF FH1-FH2 domains regardless of DRF regulation by GTP-Rho.
Based on the results presented here, we propose a model for the regulatory mechanism of DRF-mediated actin assembly as follows ( Fig. 8 ). 1) Without GTP-Rho, DRF is kept inactive by the intramolecular DID-DAD interaction. 2) Upon binding of GTP-Rho to the GBD domain, the DID-DAD interaction becomes partially perturbed. 3) Subsequent Fli-I binding to the DAD segment competitively accelerates the dissociation of the DID domain from the DAD segment. 4) The disruption of DID-DAD interaction results in the exposure of the FH1-FH2 domains. 5) The FH1-FH2 domains assemble the actin filaments in cooperation with Fli-I bound to the DAD segment. 6) When Rho is inactivated by GTP hydrolysis, GDP-Rho dissociates from the GBD domain, and Fli-I is released from the DAD segment, which leads to inactivation of DRF by reassociation of the DID domain and the DAD segment. For simplicity, the DRF is shown as a monomer in Fig. 8 , although DRF is thought to form dimer or multimer.
It was believed that a putative factor is required for the GTP-Rhomediated full activation of DRF (1, 2, 12, 15, 25) . In our previous study, we showed that GTP-RhoA, -B, and -C can fully relieve the autoinhibition of Daam1 and mDia1 in the cytoplasmic environment using the cytoplasmic actin assembly assay (11) , which suggested that the cytosol contains the putative factor required for the full activation of DRF. In this study, we demonstrated that the cyto- MAY 21, 2010 • VOLUME 285 • NUMBER 21 solic factor Fli-I displaces the DID domain from the DAD segment in the presence of GTP-Rho. Displacement of the DID domain from the DAD segment leads to the assembly of actin by FH1-FH2 domains. Taken together, Fli-I is likely to be the putative missing factor for the Rho-mediated activation of DRFs.
Fli-I Assists Actin Assembly by Formins
Fli-I not only enhances the DID-DAD dissociation, but also reinforces the actin assembly activity of the FH1-FH2 domain (Fig. 1C, Fig. 3C, Fig. 4, and Fig. 7, A and C) . Because Fli-I can bind both globular actin and F-actin (26) , Fli-I would support the actin assembly activity of DRF by holding the preformed F-actin or by recruiting globular actin. In the budding yeast, a formin protein Bni1p assembles the actin cables and promotes cytokinesis (5, (27) (28) (29) , where an actin-interacting protein Bud6p binds to Bni1p through the region adjacent to DAD, and promotes the Bni1p-mediated actin assembly (8, 25, 30) . Because the metazoan genomes do not contain a Bud6p homolog, Fli-I could be functionally equivalent to Bud6p in metazoans, although they share no homology in their primary structures (8, 25) .
Because the Fli-I-binding sequence is conserved in human Daam1, Daam2, mDia1, mDia2, and mDia3, Drosophila Daam and Diaphanous, and Caenorhabditis elegans Daam (F56E10.2) ( Fig. 1A) , the regulatory mechanism of these DRFs by Fli-I is probably conserved throughout the metazoan evolution. Indeed, the loss of either Fli-I or Diaphanous in Drosophila caused similar defects in actin distribution during the cellularization process (23, 31) , which suggests that Diaphanous and Fli-I function cooperatively in the early developmental stage of Drosophila.
Despite the importance of Daam proteins in development, the molecular mechanisms involved in Daam proteins have not been well understood (32) . Daam1 was originally identified as a binding protein of Dishevelled, a Frizzled (Wnt receptor)-binding protein (24) , and Daam1 binding to Dishevelled activates Rho through its putative guanine nucleotide exchange factor, which results in the signal transduction of planar cell polarity (PCP) pathway in Xenopus (24, 33) . On the other hand, in Drosophila, DAAM interacts genetically with Rho1 (34), and lossof-function analysis of DAAM in the wing and compound eye, which are conventional PCP organization model tissues, revealed that DAAM is not involved in the PCP signaling (34) . Our previous study (11) and present results show that Daam1 as well as mDia1 are the direct Rho effector molecules, which mediate the actin assembly using Fli-I as a common cofactor. Taken together, vertebrate Daam1 might be a dual functional protein that is a PCP regulator and a Rho effector, whereas the Drosophila DAAM is principally a Rho effector. Further analysis of the relationship of Rho and Daam in the vertebrate PCP signaling would be necessary.
In summary, we have demonstrated that Fli-I helps GTP-Rho to activate the FH1-FH2-mediated actin assembly by competitively promoting the disruption of the inhibitory interaction between the DID domain and DAD segment of DRFs. Furthermore, Fli-I enhances the actin assembly activity of DRF in vitro and in living cells through direct binding to the DAD segment of DRF. Therefore, Fli-I is an important co-factor for the mammalian formin proteins, Daam1 and mDia1.
